INTRODUCTION
The chemistry of acidic precipitation worldwide has been intensively studied for the past several decades. Acid rain is known to cause serious environmental damage in sensitive environments (Ayers and Yeung, 1996; Kulshrestha et al., 2003; Lee et al., 2000; Das et al., 2005; Cape and Leith, 2002; Andronache, 2004; Zunckel et al., 2003; Yamaguchi et al., 1991) . The increase of fossil fuel burning in east Asian countries has likely intensified acid rain in east Asian countries including Korea, China, Japan, and Russia (Lee et al., 2000; Park et al., 2000; Chun et al., 2000; Park and Cho, 1998) , while there are considerable contributions of sulfur from Yellow sand (Asian dust) from the inland of the continent.
Sulfur oxides mainly as SO 2 are among the major precursors of acid rain, and they are released through fossil ronmental alterations (Mizutani and Rafter, 1969; Nakai and Takeuchi, 1975; Nissenbaum, 1978; Nriagu et al., 1987; Ohizumi et al., 1991; Yu and Park, 2004) . Also, there is a distinct difference in the sulfur isotope ratios of fossil fuels such as coal and petroleum. Sulfur isotope fractionation is also demonstrated by Hong et al. (1992) and Maruyama et al. (2000) through their combustion experiments. Sulfur exists in small amounts in the atmosphere, but when anthropogenic sources of sulfur that cause air pollution are introduced, the atmospheric sulfur isotopic chemistry changes in a very subtle manner. Because of this phenomenon, a study on the sulfur isotope ratio of sulfate ions in precipitation is considered a useful method in tracking the source and distribution cycle of air pollutants.
Thus the sulfur isotopic and major element composition of rainwater along with meteorological information can be used to trace the sources of sulfur in precipitation, and to evaluate contributions from different sources (Krouse, 1980; Krouse and Case, 1981; Na et al., 1995; Yu and Park, 2004) . In this case variation among sources must be isotopically significant and changes in isotopic composition during transport and transformation must be trivial. Additional information on both sources and mixing phenomena can be obtained by combining concentration and isotopic composition data with meteorological parameters (e.g., wind direction, temperature etc.). Isotopic studies on water samples in Korea have been made for oxygen and hydrogen isotopic compositions of precipitation in Taejeon and Seoul (Lee and Chang, 1994) and Cheju Island (Lee et al., 1997) ; studies have also been made for isotopic compositions in ground water (Na et al., 1995) for sulfur, oxygen, and hydrogen isotopes of acid mine drainage (Yu and Coleman, 2000) . Data on sulfur isotope compositions of precipitation in Korea are very rare.
The oxygen and hydrogen isotopic compositions of precipitation in natural waters are governed by temperature, evaporation, and condensation. Deuterium excess (d) is a second order parameter derived from δD and δ
18 O values. Deuterium excess reflects the different sensitivities of these isotopes to kinetic effects in the hydrologic cycle. Theory predicts that deuterium excess responds primarily to changes in sea surface temperature (SST), humidity, and wind speed at the moisture source (Dansgaard, 1964) . The value of deuterium excess is determined from the equation as d = δD -8δ
18 O. The values of deuterium excess of any sample can be interpreted as the intercept with the δD axis (for δ 18 O = 0) of the line with slope ∆δD/∆δ 18 O = 8 which passes through that point; such a line presumably would be the locus of all precipitation samples which are derived from that particular air mass by rainout; as will be discussed, the "dparameter" according to this view relates to the vaporforming process whereas the position of any point on the slope = 8 line is determined by the rainout process (Dansgaard, 1964) . These measurements could potentially provide a means for determining the relative importance of different air masses for summer and winter precipitation (Epstein and Mayeda, 1953; Craig, 1961; Dansgaard, 1964; . In this study the isotopic ratios of sulfur, hydrogen and oxygen of wet depositions in Seoul, Korea are determined through the analyses of snow and rainwater to distinguish between different precipitation events and their associated meteorological conditions.
The purpose of this research is to characterize the precipitation chemistry of the Seoul area, namely for sulfur, oxygen, and hydrogen isotope compositions, and to evaluate the source of sulfur and the extent of seasonal and local characteristics of snow and rain. This data will provide a context for potential solutions to environmental problems in East Asia. The present work deals with urban atmospheric conditions in Seoul, a very densely populated city in Korea, surrounded by a wide and crowded industrial belt. Consequently air pollution poses a potential problem to environment. For this reason, a systematic chemical and isotopic study was undertaken to quan- Yu and Park, 2004 and open rectangular; Chonju by Na et al., 1995) .
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tify the chemistry and S isotopic composition of aqueous SO 4 2-in a variety of precipitation events at Seoul National University in Gwanak-gu, Seoul, during the period of December 2000 to October 2001.
STUDY AREA
Seoul is the capital city of South Korea, which accommodates about ten million people with more than three million motor vehicles, as well as numerous industrial plants within the metropolitan area.
The referenced location is Chuncheon, which occupies the eastern part of the Korean peninsula. This area is surrounded by developed and developing mining industries and forested areas. The emissions of atmospheric pollutants from Chuncheon are relatively insignificant to emissions from domestic fossil fuel consumption (Yu and Park, 2004) . The last referenced area is Chonju (Na et al., 1995) , which has a few industrialized areas surrounded by agricultural fields (Fig. 1 ).
The climate of Seoul and Chuncheon is temperate and shows distinct seasonality. In winter, winds commonly originate from the north-northwest or north-northeast resulting in a wide range of temperatures typical of northern continents. Winters are bitterly cold and are influenced primarily by Siberian air masses. In the summer, prevailing winds commonly come from the south-southeast, bringing in the maritime Pacific air mass into the region which results in high temperature and humidity. Temperatures recorded over a 30-year period show typical cyclic variation between -7.0 and +30.0°C with a seasonal mean temperature of about -2.0°C in winter and +25.0°C in summer (Table 1) . The average annual precipitation is about 1330 mm (data from Korea Meteorological Administration) with more than half of the total rainfall concentrated in the summer monsoon. Winter precipitation takes up less than 10% of the annual total. High temperature and humidity are caused by the northern Pacific air mass usually in the monsoonal rainy season from June to September in Korea. 
METHODOLOGY
Samples of snow and rainwater were collected for oxygen, hydrogen, and sulfur isotope measurements from December, 2000 to October, 2001, including both dry and rainy seasons. Stream and ground waters from nearby area Gwanak were collected and analyzed for reference. The sampling site is located within the Gwanaksan granite, just south of the Seoul granitic batholith (Fig. 1) . The meteoric water (rain and snow) samples in Seoul were acquired on the roof of a five-story building at the School of Earth and Environmental Sciences in the Seoul National University Campus. The referenced Chuncheon samples of meteoric water were collected at each precipitation event of Kangwon National University in Chuncheon from October, 2000 to July, 2001 (Yu and Park, 2004) .
Precipitation samples were collected using containers with large funnels directly from the atmosphere. Samples of snow and rainwater were acquired manually using a bulk deposition sampler equipped with a stainless steel funnel (65 cm in top diameter), a Teflon bottle set (500 ml) and plastic boxes (60 cm × 40 cm × 15 cm) on the roof of the building (location: E 126°57′18″, N 37°27′14″, 171 m above sea level). The lid of the sampler was manually removed to collect samples. After a precipitation event, the sample was immediately transported to the laboratory. The pH of the snow or rainfall was measured immediately after sample collection. Snow samples were collected in the plastic boxes and were allowed to melt at laboratory temperature. More than 10 liters of sample were collected for the S isotope analyses. The collected sample was passed through a 0.45 µm Millipore filter and each aliquot (500 ml) of filtered sample was acidified with HNO 3 for cation analyses (EANET, 2000) .
General weather information related to precipitation was obtained from the weather station of the Korea Meteorological Administration located about 5 km NW of the sampling site.
Major chemical compositions of water samples were analyzed using the Inductively Coupled Plasma-Atomic Emission Spectrometer (SHIMADZU/ICPS-1000IV) at the National Center for Inter-University Research Facilities (NCIRF), Seoul National University for Na, Mg, K, and Ca. Ion Chromatography (at the Center for Mineral Resources Research, Korea University: DIONEX-120 Automated Dual Column I.C.) was used for the analyses of Cl -, SO 4 2-, NO 3 -, and NH 4 + . The external precision, or reproducibility, is defined as two standard deviations (2σ) of the average values of major chemical ions of repeated analyses of the same sample during various data acquisitions (WMO Manual; Allan, 2004) .
Oxygen and hydrogen isotope sample preparations were carried out separately. Samples for oxygen isotopic analysis were prepared through H 2 O-CO 2 equilibration (Epstein and Mayeda, 1953) . About 2 ml of each water sample was equilibrated with CO 2 of known isotopic composition at 25°C. The CO 2 gas was then extracted, cryogenically purified, and analyzed using the mass spectrometer. For deuterium analysis, metallic zinc was used to produce hydrogen gas (Coleman et al., 1982) . The oxygen and hydrogen isotopic compositions of the samples were determined using the VG Isotech Prism II mass spectrometer at Korea Basic Science Institute (KBSI). The analytical reproducibility was ±0.1‰ for δ 18 O vs. SMOW and ±1‰ for δD vs. SMOW.
When measuring the amount of sulfur isotope of a sample that has such a small amount of sulfur, it is necessary to concentrate and extract the sulfur. Precipitation contains an infinitesimal amount of sulfur in the SO 4 2-form so in order to measure sulfur isotopes, the easilyperformed Barium sulfate precipitation method was used in this study. The dissolved SO 4 in the samples was precipitated as BaSO 4 . For sulfur isotopic analysis, about 3 mg of BaSO 4 powder was suitable. The following method was used in concentrating and extracting sulfur.
The collected sample was immediately filtered through a 0.45 µm Millipore filter and after weighing it with a mass cylinder, it was filled into a beaker. 1~2 ml of 1N HCl was added to the sample to acidify it and after covering the beaker with a watch glass, it was heated up to its boiling point on a hot plate. After the heating was continued for one day, the system was cooled down at room temperature. The precipitated BaSO 4 was rinsed with distilled water, dried, powdered and treated with HCl acid in order to remove oxygen-bearing compounds other than BaSO 4 . Then BaCl 2 was added in order to concentrate the formed crystals for convenient collection. Next, they were filtered with glass wool filters. BaSO 4 was concentrated on the filter and after drying it below 100°C, it was weighted. BaSO 4 was then packed and stored with the filter.
Barium sulfate powders were recovered and the samples were placed in quartz tubes then decomposed by heating to at least 950°C (Yanagisawa and Sakai, 1983) . Before heating, the sulfur isotope ratio analyzing SO 2 gas was produced using Rob's method which is mixing Cu and Mg wool by 1:2 in a vacuum line for oxidation. The resulting SO 2 was separated from trace contaminants by cryogenic distillation using three cold baths: liquid nitrogen (-196°C), liquid nitrogen-pentane slush (-131°C) and dry ice-ethanol (-86°C). In the vacuum line, gas purification was carried out by getting rid of H 2 O using dry ice temperature and collecting pure SO 2 gas at the freezing point. All the sulfur contained in the SO 4 2-ions was converted to pure SO 2 gases. The prepared SO 2 was analyzed for its δ 34 S composition using the Isoprime gas Table 1 summarizes the pH and temperature of rainwater, stream, and ground water samples collected during this study along with prevailing wind direction, wind velocity, and rainfall amounts from December 2000 to October 2001 in Seoul. The pH of the precipitation samples range from 4.6 to 7.0, averaging 5.80 in Seoul (Fig.  2) . Similar mean pH values in Seoul and Chuncheon were obtained by Yu and Park (2004) . However, the average values of pH are higher than the value reported in 2000 (4.7 ± 1.4 by Lee et al. (2000) ). The reason for this is perhaps due to the widespread deposition of Yellow sand (Asian dust) from central Asia in early spring, 2001.
RESULTS AND DISCUSSION

Chemistry of precipitation
The winter rain collected on December 24, 2000 was a bit more acidic (pH 4.9) compared to samples from the spring season which had pH values of about 7.0 (Table   1 ). This variation in pH values is attributed to the intensity of rainfall received and the spring time Yellow sand phenomenon ( Table 2) .
The Yellow sand phenomenon was observed across the entire Korean peninsula in the January 1st, March 4th, and April 11th of 2001. A trajectory analysis showed that the Yellow sand could reach Seoul within two days from the Gobi Desert (Chun et al., 2000 (Chun et al., , 2001 . The pH rises and alkali ion concentration abruptly increases above mean values during the Yellow sand event as shown in the EC values (Table. 1 ). Subsequently heavy snow and rainfall in Seoul and Chuncheon diluted the atmospheric flux so that the aerosol collected during that time had K 2 O, Na 2 O, CaO, and Al 2 O 3 abundances near long-term reported values (Chun et al., 2000; Fujita et al., 2000) .
Data collected on March 4th had the highest concentrations of cations. Abundances of Ca 2+ and Mg 2+ were 269.0 µeq/L and 107.3 µeq/L, respectively. Inspection of this figure indicates that the present values are higher relative to those reported in northeastern North America and central Europe (Galloway, 1995) . The arithmetic means and standard deviation of major ion concentrations are shown in Table 2 . Na + and Cl -can be considered to be components of sea salt. Non-sea salt ion (nss) can be expressed as the ratio of dissolved elements of rainwater, and its reference is either dissolved Na + or Cl -. These references can be chosen depending on the observation site. Generally, Na + is better choice in polluted sites such as urban areas, because Cl -can be produced from polluted HCl in industrial areas (Keene et al., 1986) . In this study, Na + was also used as a reference for nss ion value ( Table 2 ). The nss value of rainwater can be used to compare rainfall composition with sea salt composition. Using known sodium and chlorine weight ratio in sea water and assuming no fractionation during aerosol formation from sea water, the contribution from sea salt can be determined (Berner and Berner, 1996) . The concentration of an ion which is larger than the sea water proportion is referred to as the non-sea salt ion or excess ion (Millero, 1996) . The relation between the concentrations of Na and Cl -in Seoul is shown in Fig. 3 . The regression line between Na + and Cl -are indicated by the solid line. The regression broken line shows the ratio of the concentrations of Na + and Cl -in sea water (Fig. 3) , respectively (Nozaki, 1992) . The plot shows a linear relation to the ratio in sea salt in Seoul, indicating that most of Na + and Cl -in wet depositions originated from the sea salt. However, the plot of 1st January and 4th March in 2001 shift to sodium elements occurred with heavy snowfall and yellow sand, respectively.
The isotopic composition of non-sea salt sulfate (δ 34 S nss ) was calculated from the isotopic composition of the sample's total sulfate (δ 34 S measured ). The (Na + ) measured and (SO 4 2-) measured stand for the measured concentration of Na + and SO 4 2-of samples and (SO 4 2-/Na + ) nss indicate the seawater SO 4 2-/Na + ratio of 0.120 (Weast et al., 1987) . The calculated sulfur isotope composition of the sulfate which is derived from non-sea salt (pollution) sources is shown in Table 2 . The concentration of SO 4 2-is the most abundant with an average of 63.3 µeq/L and corresponding non-sea salt SO 4 2-( nss SO 4 2-) of 56.7 µeq/L, which is over 90% of the total SO 4 2-( Table 2) . The values of nonsea salt SO 4 2-are very similar to those from precipitation measurements in Kangwha, Korea (Fujita et al., 2000) .
The other most abundant anion is Cl -with a mean concentration of 37.3 µeq/L, and NO 3 -amounts to 42.4 µeq/L. Comparison of rain waters collected at different times of the year shows that concentrations of SO 4 2-were dominated by much higher values in winter than those of NO 3 -in summer. Average concentrations of SO 4 2-and NO 3 -in summer are 53.8 µeq/L and 44.5 µeq/L, respectively. Average concentrations of SO 4 2-and NO 3 -in winter are 77.6 µeq/L and 38.8 µeq/L, respectively. The data shows that SO 4 2-concentration in winter is about 1.7 times higher than that of summer (77.6 µeq/L vs. 53.8 µeq/L). On the other hand, the concentrations of NO 3 -in the winter are much lower than those in the summer (38.8 µeq/L vs. 44.5 µeq/L) ( Table 2 ). The average NO 3 -concentration was found to be higher than SO 4 2-in summer. It is known that there are farming activities such as swine production and dairy production that result in animal waste (Millero, 1996) .
Fig. 4. SO 4 2--NO 3 --Cl -ternary diagrams for precipitation and surface and ground water in Seoul area (unit: µeq/L).
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including NH 3 . On the other hand, the average SO 4 2-concentration was found to be higher than NO 3 -in winter due to evolve from the long rang transport contributing from the local industrial combustion sources (Fig. 4) (Ohizumi et al., 1991) . However, stream and ground waters did not show the seasonal variation in cations and anions (Table 2) .
Atmospheric dispersion in winter tends to be stronger compared to that in summer, and consequently pollutants emitted in the winter are easily dispersed and transported over large areas. Additionally, as more intense solar radiation, higher temperatures and greater concentrations of water vapor in summer favor faster photochemical conversions of SO 2 and NO 2 to sulfate and nitrate. These alkaline ions (Ca 2+ and Mg 2+ ) act as buffers, neutralizing the acidity of precipitation. Furthermore there are greater emissions of air pollutants in cold seasons relative to warm seasons (So et al., 1996) .
The rain and snow waters in summer precipitation contain greater concentrations of SO 4 2-and these phases carry higher levels of neutralizing cations ( Table 2 ). The concentration ratio of alkaline ions to acidic ions in summer is greater than that in winter (Table 2 ). This result indicates that sulfuric acid is the main cause of acidification of precipitation in winter months and nitric acid is the main cause of acidification in summer months (Fig.  4) .
Oxygen and hydrogen isotopes
The O and H isotopic composition of precipitation in this study is quite variable, with δ
18 O values ranging from -15.8 to -3.2‰ and δD from -114.7 to -18‰ (Fig. 5) . Seasonal variation is reflected in this data. The values of deuterium excess (d-values) for winter precipitation (d >10‰) are clearly distinct from those for summer precipitation (d < 10‰) (Fig. 5) . The deuterium excess (dvalues) for winter precipitation significantly deviates from d-excess value obtained from the global meteoric water line, more or less reflecting the effects of various degrees of evaporation (Fig. 5) . The slope and intercept of the regression line for precipitation were virtually identical to the global meteoric water line (GMWL) defined by Craig (1961) . Here, the mean meteoric water line of Seoul (δD = 7.3δ 18 O + 5.0), Chuncheon meteoric water line (δD = 7.2δ
18 O + 2.7; Yu and Park, 2004) , and Chunju meteoric water line (δD = 6.8δ
18 O + 7.7; Na et al., 1995) were 
. Seasonal variations of relationship between d-excess and Oxygen and Hydrogen isotopic values in the precipitation from Seoul. The value of d-excess is determined from the equation as d = δD -8δ
18 O (Dansgaard, 1964) .
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comparable to the Global meteoric water line (δD = 8δ 18 O + 10). These data indicate the nature of the coupled oxygen and hydrogen isotopic variation for different seasons, which follow the relationship: δD = 9.3δ
18 O + 8.3 for summer (rainy season precipitation) and δD = 8.8δ
18 O + 28.0 for winter (dry season precipitation) in Seoul (Fig.  6) . Seasonal isotopic differences could also result from the effect of different air masses; cold and dry continental Siberian air masses predominate in winter while hot and humid maritime North Pacific air masses predominate in summer .
Oxygen and hydrogen isotope measurements reveal similarities to the global meteoric water line. However, despite the limited number of samples examined and the relatively short sampling period, it is noteworthy that our data are very similar to those reported by Lee and Chang (1994) . The deviation of the isotopic composition of this group of samples above the summer season GMWL can be determined from the d-values listed in Table 2 . The annual mean d-value of these precipitation samples is +12.9, as shown in Table 2 , slightly displaced below +10.0. The average d-value for winter precipitation (for December, 2000 and March, 2001 ) is +17.6 and for summer precipitation (from June to August, 2001) is +6.1. The δ 18 O and δD values of the meteoric waters in Chuncheon align fairly well along the global meteoric water line (GMWL: Craig, 1961) (Fig. 6) . The δ 18 O and δD values of the surface waters have a similar range those of the meteoric waters in Seoul. The referenced Chonju values are very close to the long-term weighted average (δ 18 O = -3.0~-13.4‰ and δD = -13~-92‰) for rainfall in the global meteoric water (Na et al., 1995) . The isotopic compositional range of the Chonju meteoric water may be due to an insignificant amount of samples collected for the seasonal variation, the attenuation of the temporal variation.
Sulfur isotope chemistry
The sulfur isotopic composition of sulfate (δ 34 S SO4 ) ranges between +3.0 and +7.3‰ in snow and rain water samples in this study (Table 2 and Fig. 7) . Major sulfur ion distributions in precipitation are mostly controlled by the diverse contributions from seawater sulfate, biogenic emissions, volcanic gases, and anthropogenic S (Thode Yu and Park, 2004) Chunju during 1994 -1995 (Na et al., 1995 Global meteoric water Ohizumi et al., 1991; Mandeville et al., 2009) . The isotopic composition of S in modern marine sulfate is constant within narrow limits and is represented by a δ 34 S value of about +20.1‰. A number of sulfur isotopic studies have been carried out on sulfate ions in rainfall (Mizutani and Rafter, 1969; Holt et al., 1972; Jamieson and Wadleigh, 2000) . These studies show that rainwater sulfate is depleted in 34 S with respect to seawater sulfate, the effect being more pronounced in sulfate from other sources. The isotopic composition from biogenic emissions (H 2 S and DMS from seawater) is difficult to establish, but it may have δ 34 S values ranging between -10 and 0‰ (Herut et al., 1995 , Nielsen, 1978 . The δ 34 S values of volcanic gas sulfur are known to range widely around 0‰ (Mizutani et al., 1986) , but there is no active local volcano near the study area.
Chloride concentrations have been utilized to delineate the seawater spray sulfate component in precipitation. Mizutani and Rafter (1969) This relationship assumes that all sodium comes from the sea and the sulfate/sodium ratio in the marine component of precipitation is the same as that of seawater, i.e., [SO 4 2-/Na + ] seawater = 0.120 by weight (SO 4 seawater : sulfate ions from the seawater, Na + seawater : sodium ions from the seawater, SO 4 observed : sulfate ions of chemical analysis). The equation using A and sodium content to establish seawater spray sulfate concentrations is a general equation of sulfate isotopic values (δ 34 S nss ) from the contaminated atmosphere. Table 2 shows the calculated sulfur isotopic composition of the sulfate derived from the sources that experience the pollution (combustion of fossil fuels such as coal or petroleum). The present research reveals that δ 34 S nss values ranging from +1.0 to +6.2‰ are found in Seoul. These observations support a major anthropogenic source of SO 4 in precipitation in the study area. The major anthropogenic S source in East Asia is known to be coal combustion. China is the largest source of SO 2 emissions in East Asia and its total emissions are estimated to be (Yu and Park, 2004 ) Chunju during 1994 -1995 (Na et al., 1995 Sulfate concentrations (Thode et al., 1961; Ohizumi et al., 1991) ( Thode et al., 1961; Ohizumi et al., 1991) (Maruyama et al., 2000) (Hong et al., 1992; Maruyama et al., 2000) ( Yu and Park, 2004) (Maruyama et al., 2000) Ave. summer Stable isotope compositions of precipitation in Seoul 453 more than 10 times that of Japan and Korea (Fig. 8; EAGrid, 2000) . The proportion of coal combustion as part of the total energy demands in China is as high as 70%; therefore, coal combustion is the major source of anthropogenic SO 2 production. The δ 34 S values of S in coal were reported as 9.7 ± 11.4‰ in northern China and 5.5 ± 4.8‰ in Russia (Maruyama et al., 2000) and the δ 34 S values of S in aerosol sulfate and sulfur dioxide were reported as 4.2 ± 0.7‰, 6.4 ± 0.5‰, and 6.1 ± 1.2‰ in winter at Harbin, Changchun, Dalian, and Waliquan in northern China (Maruyama et al., 2000) , respectively. These δ 34 S values are higher than that of coals from southern China (4.5 ± 6.2‰) (Hong et al., 1992; Maruyama et al., 2000; Yanagisawa et al., 2001 ) and the δ 34 S values of S in aerosol sulfate and sulfur dioxide were reported as 2.1 ± 1.4‰, and -4.0 ± 3.6‰ in summer at Nanjing and Guiyang in southern China (Maruyama et al., 2000) , respectively. Almost all of the coal and petroleum used in Korea are imported from foreign countries. The δ 34 S values of organic S in coal from Gangwon province, Korea is known to contain less than 1 percent total sulfur with a value of -2.4‰, which falls within the general range (-10.0~+1.6‰) of pyrite from coal mines in Korea (Yu and Coleman, 2000) , which is much lower than that of coal in neighboring countries. The δ 34 S values of sulfate in precipitation in the southern part of Korea were reported in the range of 0.0 to 1.8‰ (Na et al., 1995) , which is lower than the sulfur isotope values in this study. The δ 34 S values of atmospheric samples are higher in winter (from +5.1 to +7.3‰) and lower in summer (from +3.0 to +4.8‰) (Fig. 7) . In neighboring Japan, Maruyama et al. (2000) reported on seasonal variations of sulfur isotope ratios of rain and aerosol on the west coast, in which sulfur during winter is mainly derived from space heating and industrial sources; but in summer the large emissions of 34 S-depleted biogenic sulfur come from soil, vegetation, marshes, and wetlands, which results in the decrease of δ 34 S values of airborne sulfur. Plots of δ 34 S values versus SO 4 2-concentrations can be used in identifying sources and fates of sulfur-bearing compounds. The dominant δ 34 S values appear to have a narrow range near +6.4‰ in winter and +4.0‰ in summer showing distinct correlation between the seasonal variations and the sources of sulfur in the neighboring countries (Fig. 7) . However, the δ 34 S values had no correlation with SO 4 2-concentrations (Fig. 7) .
Origin and migration of sulfur sources in East Asia
The sulfur isotopic signatures of rainwater sulfate may be used to delineate anthropogenic sulfur in the atmosphere, provided the isotopic composition of pollutant sulfur is distinct from that of sulfur from natural sources (Krouse, 1980; Na et al., 1995) . Identification of atmospheric sulfur sources in rainwater has been conducted mainly in the acid rain regions through sulfur isotope analysis (Krouse and Case, 1981; So et al., 1996) . Usually the sulfur isotopic values of rainwater sulfate are altered by oxidation of SO 2 and different contribution of sulfur sources (e.g., coal burning, biogenic sulfur, etc.). The minor sources are sea spray and biological activity as sea spray has a δ 34 S value of about + 20.1‰ and the biogenic component shows a δ 34 S value ranging from -10‰ to -2‰ (Mizutani and Rafter, 1969; Holt et al., 1972; Ohizumi et al., 1991; Jamieson and Wadleigh, 2000) . Because more samples having low sulfate concentrations and low δ 34 S values were found at Chonju (Na et al., 1995) rather than at Seoul and Chuncheon areas (Fig. 7) , the significantly more negative rainwater δ 34 S values at the rural site in Chonju (δ 34 S = -3.2‰) compared to the urban site Seoul and Chuncheon areas may be also due to higher contribution of biogenic sulfur. The δ 34 S values for rainwater and sea spray are sufficiently distinct to be able to conclude that seawater contributions are negligible due to the calculation of δ 34 S nss values. The relationship between S isotope values and wind direction reflects the marked seasonal variations of sulfur isotopic values during winter and summer (Fig. 9) . The variations are more pronounced for the origin of sulfur sources than for the concentrations of sulfur component. On average, the sulfur isotopic values for Seoul in winter and summer are +6.4 and +4.0‰, respectively. The period of higher sulfur isotopic values in winter (December and February) seems to be related to the wind direction (northeast-northwest) prevailing in northern China, whose δ 34 S values of oil (+22.5‰) and coal (+9.7‰) is known to be higher than oil (+7.2‰) and coal (+4.5‰) of southern China (Hong et al., 1992; Na et al., 1995; Maruyama et al., 2000) . The lower sulfur isotopic values in summer (June to August) may be related to the summer wind direction (west-southwest) blowing from southern China, whose δ 34 S value is lower than that of northern China. Sulfur isotopic composition of sulfate (δ 34 S SO4 ) shows values ranging from +2.6 to +4.8‰ in the streams of the study area. Sulfate isotopic values from the southern part of the Han River reported during spring and summer reveal δ 34 S SO4 values of +3.5 ± 1‰ (Ryu et al., 2007) . The sulfur in streams and shallow groundwater may be derived from the oxidation of sulfide minerals as well as deposition of atmospheric sulfates through precipitation. The δ 34 S values of sulfide minerals collected from hydrothermal deposits in Korea range from +2.0 to +7.0‰ representing high homogeneity in sulfur isotopic composition of the acidic crustal magma (Kim and Nakai, 1980) . This suggests that dissolved SO 4 2-in the streams and shallow groundwater in the study area might be coming from the oxidation of sulfide minerals in the granitic basement rocks distributed upstream as well as from depositions of atmospheric sulfates and rainfall.
In order to develop a consistent and effective method, it is necessary to carry out a long term study accumulating data on the isotope compositions of contaminants and other environmental materials, not only from Korea but also from neighboring countries: China, Japan, Russia, etc.
SUMMARY
In the Seoul metropolitan area and Chuncheon mining area, we carried out a study on sulfur, oxygen, and hydrogen isotope compositions to discover the source of sulfur and the extent of seasonal and local chemical characteristics in snow and rain. Our findings are:
1) The pH of the rainwater collected in the Seoul area is in the range of 4.6-7.0. The variation pattern has a good correlation among the amount of rainfall, seasonal variation, pH, EC, cations, and anions of rainwater. The resulting data are similar to those of adjacent countries including China, Japan, and Russia.
2) Precipitation shows positive correlations between ions in the Ca 2+ -Mg 2+ -SO 4 2--NO 3 -system, indicating that dissolution of Ca and Mg particles by H 2 SO 4 and 4) The value of oxygen and hydrogen isotope composition of the rain is in the range of -15.7~-7.8‰ and -115~-31‰, respectively. The H and O isotope values in summer are plotted near the global meteoric water line by Craig (1961) . The d-excess values in winter are higher than 10, which indicate that the source of rain during winter is a dry air mass from continental China.
5) The sulfur isotope ratio of precipitation ranges from +3.0 to +7.5‰ similar to typical metropolitan air pollution. It is suggested that the main source is SO 2 produced by the combustion of fossil fuels. Pollutant SO 4 is estimated to have δ 34 S nss ranging from +1.0 to +6.2‰ in the Seoul area.
6) The sulfur isotope composition of precipitation shows an overlapping range with those of the adjoining stream and shallow groundwater. In the study area the δ 34 S values of SO 4 in streams and shallow groundwater are not only directly affected by the deposition of atmospheric sulfates through the addition of meteoric water to the system but also are affected by the oxidation of sulfide minerals in the granitic basement rocks.
7) The δ 34 S values of precipitation range from +5.1 to +7.3‰ (mean +6.4‰) in winter and from +3.0 to 4.8‰ (mean +4.0‰) in summer. The higher δ 34 S values in winter (December and February) seem to be correlated to the air mass (northwest in main wind direction) from northern China, whose δ 34 S value of oil or coal is higher than that of southern China. The lower sulfur isotopic values in summer (June to August) are correlated with the air mass (west-southwest is the main wind direction) moving from southern China, whose δ 34 S value of fossil fuel is lower than that of northern China.
